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Abstract: Recent advances in high-temperature superconductors (HTS) have made them extremely
attractive for low-temperature, high-magnetic-field-power applications such as in fusion technology,
where the advantages over traditional low-temperature superconductors (LTS) allow for the design
of fusion reactors operating in different and more convenient regimes. However, the performance
enhancement exhibited by novel conductors poses several challenges for the measurement of their
superconducting properties. The high critical currents coupled with the relatively low thermal
stability of the conductors and their mechanical fragility render this task a challenge, as the angular
anisotropies complicate the experimental setup. In this work, we describe the development of our
novel high-current measurement facility, focusing on the solutions introduced regarding critical
aspects such as the superconducting leads and the sample holder design. We show how simple but
effectively designed solutions can be adopted to combat the complexity of the measurement. The
results reported in this work guide the development of a measurement system able to withstand high
critical currents (I > 1500 A) at high magnetic fields (upH > 12 T) by evaluating the angular response
of 4 mm wide short samples (L ~ 7.5 cm) in a robust and reproducible manner.

Keywords: REBCO; coated conductor; critical current; angular behavior

1. Introduction

Recent advances in the technological application of high-temperature superconductors
(HTS) [1] are based on the concept of a coated conductor, a strong metallic substrate (e.g.,
nickel and iron alloys) that supports a superconducting film deposited epitaxially on a
buffer layer and protected via the application of a conductive metal (e.g., silver or copper).
The different processes involved in the realization of a CC and the different architectures
possible in terms of buffer layer structure and materials involved lead to a vast outcome
concerning the characteristics of the tapes. The different productive choices influence
the superconducting properties, such as the critical temperature and the magnetic field
and angular behaviors of the superconducting currents, which are highly dependent on
the crystalline microstructure. In this framework, i.e., the increase in commercial CC
production driven by fusion applications [2] and the enhancement of their performance,
a solid benchmark platform is necessary to be able to measure their properties in the
operating conditions of superconductivity laboratories that operate with such conductors.
To fully characterize and validate the tapes’” properties, experimental facilities able to
deliver large amounts of current (e.g., I > 1000 A) at high magnetic fields (upH > 12 T)
performing measurements at different angular configurations are, in fact, required. This is
required in order to support the optimization of the production process so that industries
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are able to tailor the CCs’ properties for applications to achieve the best performance for
the development of cables and coils.

In this work, we report our findings regarding the development of a simple but
effective high-current probe. The probe is designed to work in liquid helium bath, includes
HTS leads in order to minimize both helium evaporation and thermal transfer to the sample,
and is conceptualized to allow a modular sample-holder design comprising an angular
measurement sample holder. To the best of our knowledge, not many groups perform
angular measurements of REBCO-coated conductors on full 4 mm tapes at liquid helium
temperature (e.g., [3-5]). This work thus represents a useful guide to approaching and
solving the experimental problems that can arise in this kind of challenging measurement.
The work addresses several aspects, such as the production of simple and effective current
leads, the design of different sample holders, and the adoption of different sample mounting
strategies and soldering alloys, and reports a comparison of the results obtained for different
samples in different conditions.

2. Superconducting Current Leads Development

The set-up of a high current probe necessitates some compromise, needing to balance
the different heat loads to the sample and the bath due to joule heating and thermal
transfer from room temperature. The experimental apparatus utilized for high-current
measurements of wires and tapes in our laboratory is based on a cryostat that encases a 14 T
magnet with a useful bore 80 mm in diameter operating in a liquid helium bath. The liquid
helium bath is shared with the sample, and this renders the efficient use of the cryogenic
liquid (i.e., avoiding unnecessary consumption) of the utmost importance in order to safely
operate the magnet while carrying out the measurements. For this reason, we decided to
adopt the hybrid resistive-superconducting approach.

We decided to avoid multiple sectioning of the current probe, keeping a simple design.
The resistive part of the measurement probe is based on OFHC copper current leads (copper
wires, 250 mm? total section for each lead) insulated between them and inserted into a
steel tube. The resistive part is cooled through evaporation of liquid helium vapors. The
length of the superconducting leads was chosen as the minimum needed to avoid the
immersion of the resistive leads in the liquid helium bath. In our magnet, this corresponded
to approximately 55 cm of length between the sample and the resistive portion. A 45 cm
L-shaped stainless steel (0.4 mm thick) part was chosen as the mechanical support and
brazed at the ends to copper terminals 20 mm wide and 10 mm thick. REBCO HTS tapes
could be then allocated onto the flat 20 mm portion of the support, coupling eight tapes in
four pairs on each lead, as shown in Figure 1.

Steel support

Figure 1. Superconducting leads after the soldering process (a) with details of the copper terminals
(b) and schematic illustration of the current leads’ cross-section describing the placement of the tapes
on the top of the steel support and copper terminals (c).

Regarding the choice of the tapes, we chose tapes produced by SuNAM Co., Ltd.
(Anseong-si, Republic of Korea) It is well known that SUNAM tapes are highly efficient at
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high temperatures rather than being optimized for low-temperature-high-field conditions.
This controversial choice to produce a low-temperature-high-field measurement apparatus
was based on two factors:

1. SuNAM tapes are characterized by higher robustness thanks to the stainless steel
substrate with respect to better-performing recent tapes that include Artificial Pinning
Centers (APCs) to increase the critical current. This becomes useful when considering
mechanical stresses induced by the thermal strain arising from the different materials
and interfaces.

2. Failure of the superconducting section would, in our opinion, most likely be driven
by thermal factors at the warmer end rather than lack of performance in the liquid
helium bath, as is later discussed in the text.

Previous experiments were also carried out with tapes from different producers, utiliz-
ing a brass support rather than the steel one. However, despite some positive factors—such
as an easier soldering step for brass—the difference in thermal contractions led to fail-
ures due to the delamination of tapes and detachment at the copper terminals following
thermal cycling. The final chosen configuration (SUNAM on steel support) demonstrated
its robustness through several tens of thermal cycles, with no evidence of degradation
or quenches.

The superconducting leads after the soldering process are shown in Figure 1. As
previously introduced, four pairs of tapes were aligned on the surface of the copper
terminals and on the steel support, with the REBCO side towards the metal. The inner tape
was cut 10 mm shorter than the outer tape to allow for direct contact of the latter with the
copper terminals and to optimize the current redistribution. To protect the extremities, a
thin copper foil was placed above the stack in correspondence to their ends. A low-melting-
point soldering alloy (In-Sn) was used for the soldering to minimize the thermal stress on
the tapes.

To assess the effectiveness of the production step and evaluate the performance of the
current leads, these were tested in liquid nitrogen. The results following the subtraction of
a linear contribution ascribable to the redistribution of the current at the copper terminals
due to the close voltage placement are shown in Figure 2. A rapid voltage rise can be
observed above 1500 A, demonstrating the occurrence of a superconducting transition. The
critical current was estimated by fitting the experimental curves with a linear contribution

N
over the imposed (I—IC) formula (1 pV/cm criterium), resulting in values close to 1750 A

for both leads. These results suggest good homogeneity between the two samples and,
most importantly, values in line with the expected ones, with approximately 220 A per
single tape, as measured in the self-field in liquid nitrogen.

The assembled high-current probe is reported in Figure 3, which shows the steel tube
covering the resistive leads and the HTS part with a mounted sample holder. For practical
use, to protect from potential impacts and to vehiculate helium vapors inside the tubing,
during the measurements, the HTS leads are surrounded by a thin G10 high-pressure
fiberglass laminate tube, which is not shown here in the picture. During the measurements
of the HTS samples, the status of the superconducting leads was assessed by means of
voltage measurements carried out along their length, with no evidence of quenches of
the superconducting portion occurring at the highest currents and fields. The helium
consumption from the bath was drastically reduced following the introduction of the HTS
part. While a single measurement run could be performed with the resistive lead, due to
both the serious helium consumption during the probe cooling and to the heat leak caused
by the large copper area, several samples (i.e., cooling and heating of the probe and high
current measurements) could then be measured with the same helium amount.
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Figure 2. Voltage—current curves measured for the HTS leads in LN, (black and red points), with
overimposed critical current fit (green curves) for 40 cm far voltage taps.

Sample holder

‘ |
Resistive leads HTS leads

Figure 3. Picture of the assembled high-current probe.

3. Sample Holder Design

The sample holder can play a crucial role concerning the measurement, having to
provide a current to the sample while granting mechanical support without influencing the
tape’s performance. The interface between the sample and the current leads could be under
pressure or soldered, depending on the design (e.g., [3] or [6]). While a pressure contact
carries a higher level of simplicity during sample mounting procedures and avoids thermal
treatments that could ruin the sample, soldering grants higher stability and lower contact
resistance. To pursue higher efficiency and robustness, in our laboratory, we decided to
select the soldering approach.

We designed and tested several sample holders characterized by differences in the
sample placement concept and in the supporting material. Some descriptive drawings are
reported in Figure 4.

e  The sample holder in the panel (a) is constituted by a G10 board with a 4 mm large
groove, which is rounded towards the edges with a flat section where the field is
perpendicular to the tapes. It accommodates approximately 25-30 cm of tape, with
10 cm in the G10 portion and 3 cm in the flat part where the primary voltage taps are
placed. This design, partially inspired by previous works of Tsuchiya et al. [6,7], is
characterized by a good section of copper devoted to the sample soldering, but relies
mostly on the groove and on the sample’s pre-tension to support the tape.

e  The sample holder in panel (b) is constituted by a steel support bent and brazed on
the copper terminals. The tape dimensions are similar to those obtained in the G10
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support. This design preserves a large soldering surface and introduces a metallic
support where the tape can be soldered along its entire length, enhancing mechanical
support and granting good thermal stability for the sample.

e  The design in panel (c) relies instead on a flat steel support that is soldered simultane-
ously with the tape on the flat extremities of copper terminals. The sample length is
limited to approximately 7.5 cm due to the bore size. It is characterized by extreme
simplicity in the sample mounting, but reduces the soldering length to the length of
side of the copper support (i.e., 25 mm in our case) and limits the dimension of the
center part where the voltage probes are accommodated.

e  The design in panel (d) describes an angular measurement option. The sample holder
exploits the flat approach, and the tape is soldered inside a groove obtained on a round
support for its entire length of approximately 7.5 cm. This support is composed of
copper extremities (i.e., 25 mm) and a central steel portion. The copper extremities are
eventually clamped onto the copper terminals.

(a) (b)

(c) (d)

»
N

Figure 4. Drawings of the tapes’ sample holders: (a) G10, (b) curved steel, (c) flat steel, (d) angular.

The first difference between these supports is the length and the shape that the tape
will assume, i.e., whether the tape will be bent or will remain flat. This has consequences
for the field /tape orientation along the whole sample, both on the soldering area and on
the probed lengths.

Regarding the first aspect, a curved sample introduces a weak section into the tape,
i.e., a section where the critical current is lower with respect to the other sample parts,
localizing the transition. This should, in principle, correspond to the area where the field
is perpendicular to the surface, i.e., the central part, due to the anisotropy of the REBCO
superconducting properties. In this case, the transition would be far from the soldered part
and should be less influenced by the thermal phenomena occurring there. The bending
step, however, should be always caried out carefully. As was previously reported to be
critical for the measurement’s reproducibility [7], we also observed a critical role of the
sample mounting step, which was more associated with the mechanical handling of the
tapes rather than with other phases.

On the contrary, a flat sample is easier to handle. For size constraints, however, its
length is limited by the bore size, leading to a compromise between the soldering area
and free section. Perturbation due to thermal effects at the terminals could potentially be
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enhanced due to the short lengths, and localization of the transition driven by the tape
anisotropy is not possible.

A second difference is the material of the support. The choice between a G10 support or
a metallic fixture influences both the mechanical coupling and the presence of an electrical
and thermal stabilizer. A G10 support, for example, has a limited role, both in keeping the
tape mechanically stable when subjected to extremely high Lorentz forces and in preventing
the tape from heating following the transition, potentially leading to burning of the tape.
This is particularly true for the last generation of commercial tapes, which had low, thin
mechanical stabilizers (e.g., 50 pm thick Hastelloy). An example of such an occurrence
is reported in Figure 5, which shows a tape irreversibly damaged after a quench event
occurring few amperes above the critical current (voltage criteria were exceeded by only a
factor of 2).

Figure 5. Picture of a REBCO tape mounted onto the G10 sample holder after a quench event, showing
discoloration and evident mechanical deformation (red circle) caused by hot-spot development that
led to irreversible degradation.

When delivering large amounts of currents in high magnetic fields, Lorentz forces are,
in fact, a factor that needs to be accounted for. Although, in the current leads, the current
flows parallel to the magnetic field, thus exerting no net force, in the sections where the
field and the current path are perpendicular, large transversal forces act on the system. In
the worst case (i.e., high fields and high currents), forces on the order of hundreds of N
are applied onto the few cm of the tape perpendicular to the field. The soldering of the
tape on the metallic sample holders allows these stresses to be transferred onto the support,
allowing for stable measurements thanks to the more robust configuration.

The presence of a large electrical stabilizer could, however, influence the measure if the
current is not injected efficiently into the superconductor. The presence of a non-insulating
fixture, in fact, provides a parallel path for the currents. The amount that flows into the
stabilizer is eventually driven by the relative ratio of the metal resistance and contact
resistances, which play a major role in current redistribution. With our different set-ups
and configurations, however, we did not observe a significant perturbation induced by this
factor. Figure 6 depicts IV curves obtained for samples of the same batch of tape (from
Shanghai Technologies) mounted on different sample holders. Apart from a small spread in
critical currents varying between 165 A and 175 A, potentially due to small inhomogeneities
in the sample batch, no significant differences can be observed on the transition shape or N
values, which are close to 30 for all the samples.



Appl. Sci. 2024, 14, 7697 7of 13

5x10°®
= free tape
4x10t4 | = G10 -
= Flat steel .
=a106d | " Curved Steel g
E x = Angular .-
> wm
5 2x10°- "
Q =y
L i
.- [

0 50 100 150 200
Current (A)

Figure 6. Field/current curves obtained for samples of the same Shanghai Technologies tape on the
different sample holders in LNj,. A linear contribution has been subtracted from the curve related to

the angular sample holder (see text for details).

The sample holder design and current flow path can, however, affect the measurement
if the voltage taps are placed so as to take into account resistive voltages due to interfaces
or resistive portions of the circuit. In an ideal experiment, in fact, voltage taps should be
placed onto the tape surface, insulated from the rest of the experimental set-up. When
adopting a metallic fixture, however, this may not be always possible. In our angular
design, for example, as highlighted in Figure 7, the tape is inserted into a slot carved into
the round support and soldered along its length.

Figure 7. Detailed picture of the angular sample holder, with the tape mounted inside the slot in the
support oriented in order to obtain the magnetic field parallel to the tape surface. The positions of

the voltage taps are highlighted.
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Current transfer occurs from the copper terminals to the round support, and is only
then redistributed to the tape. Voltage taps embedded in the solder are likely to also
collect transverse voltages due to current redistribution inside the sample holder, leading
to resistive slopes before the superconducting transition.

This is represented in Figure 8, where the characterization of a Shanghai Technologies
tape mounted onto an angular sample holder, carried out in liquid helium at different
magnetic fields parallel to the tape surface, is shown. It can be observed that all curves
are characterized by resistive behavior up to a high current before the superconducting
transition. After subtraction of this linear background, IV curves characterized by good
signal-to-noise ratios are obtained. The increase in the linear coefficient with the increasing
field is qualitatively consistent with an increase in interface resistance when the magnetic
field is applied.

1x10
8x107°

6x107 +

4x10° +

Field (V/cm

2x10° +

0 s

0 1000

T T T T T T T
0O 200 400 600 800 1000 1200 1400
Current (A)

Figure 8. Field/current curves acquired at 4.2 K for a Shanghai Technologies tape on the angular
sample holder with the field parallel to the tape surface at various magnetic fields. In the inset,
the 14 T and 1 T curves after subtraction of a linear background are represented to enhance the
superconducting transition.

In this sense, in our experiments, this spurious contribution did not lead to anomalies
in the results, and the amount of extra work needed to analyze the results (e.g., additional
fitting) was worth the simplicity that characterized the sample holder’s design.

4. Soldering and Sample Mounting

The contact electrical resistance, and, thus, the development of heat due to ohmic
heating, could have affected both measurement reliability (due to heat propagation) and
efficiency (due to helium evaporation and consumption). This factor is directly related to
the effectiveness of the soldering process. We evaluated different traditional low-melting-
point soldering alloys, such as Bi-Sn, Pb-Sn, and In-Sn. Focusing on the last two, while
Pb-Sn was characterized by higher mechanical and electrical properties, the latter exhibited
a lower melting point (approx. 120 °C vs. 190 °C), which could represent a significant
advantage in terms of avoiding sample degradation due to thermal factors [8].

To assess the difference in contact resistance due to two soldering alloys, we carried out
resistance measurement in a liquid nitrogen bath comparing couples of superconducting
tapes soldered among them with different alloys. We obtained values of the inter-tape
electrical resistance close to 50 nQ)-cm? in both cases. Rather than focusing on the absolute
value, which may be influenced by several factors ascribable to the nature of the tape surface
due to its manufacturing [9], we observed a 20% difference in favor of the Pb-Sn alloys,
which exhibited lower values. We decided that the processing ease due to the melting
temperature gain was more favorable than the enhancement in the electrical properties and



Appl. Sci. 2024, 14, 7697

90of 13

adopted the In-Sn alloy as the standard to prepare the samples. During the critical current
measurement, we routinely evaluated the contact resistance by measuring the voltage
drops across the soldered junctions, i.e., between the tape and the sample holder or the
resistive leads. These values obviously also need to take into account the contribution due
to the resistive element. However, resistance values on the order of 100 n{) were commonly
observed at liquid nitrogen temperatures, scaling well with the soldered area. This is
coherent with the consideration that the main variable in play was the length of the tape
soldered to the support. A drop of 30-50% was commonly observed in the liquid helium
bath, allowing us to foresee heating due to joule effects in the range of tens/hundreds of
mW at high currents.

The obtained resistance values do not seem to represent an issue for measurements
carried out in liquid helium baths, not even in the case of the flat sample holders char-
acterized by shorter soldering areas and, thus, higher resistance. In Figure 9, we show a
comparison of different measurements carried out on samples of Shanghai Technologies
tapes mounted on different sample holders at different fields. It can be observed that
no significant differences arose due to the fixture, either at high fields where the field
orientation and transition localization could play a role in the mechanical stability or at
lower fields where higher currents could lead to heating phenomena on shorter samples.

3x10®
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2x10°4 3
£ H
o
\ 12T I
> .
ke -6
© 1x10
L
0-

0 200 400 600 800 1000 1200
Current (A)

Figure 9. Field—current curves measured for a Shanghai Technologies tape at high fields and low
fields mounted on different sample holders (field perpendicular to the surface).

It is worth highlighting that, already, the sample holder with the simplest design, i.e.,
the flat sample holder, which was characterized by ease of mounting and not needing long
samples, was able to deliver good measurements characterized by a good SNR ratio in our
experimental set-up. We take this factor as an indicator of the quality of the measurement,
considering its dependence on several factors such as the tape’s mechanical stability, the
length of the probed region, and the voltage wires’ stiffness. To achieve these results, some
trial and error was also conducted on voltage tap wires, looking for the best compromise
between wire thickness and rigidity, and eventually, the adoption of shielded wires for
the upper sections of the voltage leads. In Figure 10, we show the field—current curves
measured at high fields for a Shanghai Technology tape mounted on the flat sample
holder. It can be observed how, despite the performance of the tape and, thus, the high
electromagnetic forces and potential heating phenomena involved, smooth field—current
curves were acquired with no evidence of instability.
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Figure 10. Field—current curves for a Shanghai Technologies tape at different magnetic fields measured

with a flat sample holder.

5. Angular Measurements

Further insight is now provided into the measurements carried out with the angular
sample holder. Considering the possibility of measuring tapes at fixed angles, without the
complexity introduced by an in situ angular movement system [5], different sample holder
concepts could have been developed, such as variations in the flat concept at different fixed
angles, as introduced by Barth et al. [3]. This design, however, either relies on pressure
contacts or needs to take into account the high-temperature de-soldering, removal, and
movement of the sample into a new position, or the use of a different sample for every
angular measurement. Instead, we designed our clamping design to be able to carry
out different measurements in the whole angular range on the same soldered sample
without further thermal treatments other than the first one, as previously reported for
measurements carried out in liquid nitrogen [10]. This does not come without a price,
however: the adoption of the round clamping system brings about uncertainty in the
measured angle, which we estimated as -5, and requires repeated heating and cooling
runs for different angles. The issues introduced by several cooling and heating cycles are
mitigated by the limited helium consumption achieved with the new current probe, and
these drawbacks were considered as minor issues when facing the robustness of the set-up;
we are sure that differences in the measurement were only due to the angular contribution.

In Figure 11, we show the results of the critical current measurements for a SUNAM
tape at different angles and fields. It can be observed how the critical current was raised
sensibly when approaching the condition with the field parallel to the ab planes, with the
effect being much more pronounced at higher fields, where a ~7-fold increase is shown
between the perpendicular and parallel condition. The N-index, the exponent of the fit of

N
the superconducting transition following the well-known (Tlc) formula, was evaluated in

the 0.1-1 uV/cm range, showing similar values for angles in the 0-70° range and increasing
instead at 90°.

Figure 12 instead depicts the results of the angular measurements for a Shanghai
Technology tape. It is clear how the introduction of APC mitigates the loss of critical
current with the field perpendicular to the tape surface with respect to the parallel scenario.
Furthermore, the measurement highlights a similar angular behavior to that observed for
similar tapes at higher temperatures and lower fields [11], suggesting that the pinning land-
scape exhibited at high temperatures and low fields is also effective at lower temperatures
and higher fields. n-index values seem to exhibit a decreasing trend when moving from the
field perpendicular to the surface to parallel to the ab planes.
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Figure 11. Results of angular measurements (Ic and N-index values) for a SUNAM sample at different
fields at 4.2 K.

1400 60
12004
50
N 10004 g
< —
: <>“ 404
8001 =
—a— 3T
30 |—e—eT
| 10T
80 —v— 127
400

0 20 40 60 80 100 0 20 40 60 80 100
0 (deg) 0 (deg)

Figure 12. Results of the angular measurements (Ic and N-index values) for a Shanghai Technologies
sample at different fields at 4.2 K.

The comparison of the two tapes shown here confirms the consideration we put forth
in the first section about the choice of SUNAM tapes for the application of current leads
in a liquid helium environment. Despite the low critical current value (around 100 A
at maximum fields) with fields perpendicular to the tape, the critical current when the
field was parallel to the tape was, in fact, significantly enhanced in the SUNAM sample
due to its intrinsic pinning landscape. The current leads, in our design, work with the
field always parallel to the surface, granting us a significant theoretical current margin in
operating conditions. Qualitatively analyzing this aspect, in fact, if we were to consider the
performance of the probe to be limited only by the high-field performance of the eight tapes,
we would be limited to an astonishingly high value of 7 kA, well above the acceptable load
of the resistive part.
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6. Conclusions

Recent advances in coated conductor production have led to novel products charac-
terized by extremely high critical currents at low temperatures and high magnetic fields,
allowing for the design of fusion machines based on such conductors.

The anisotropy of the material and of the product, however, coupled with their high
performance, establishes challenges for their characterization and qualification. In this
work, we show our recent work related to the set-up of a measurement facility for REBCO
tapes. We report the production of simple and effective superconducting current leads
which are effective in reducing the evaporation of liquid helium baths with respect to fully
resistive probes and reducing the thermal transfer to the sample. The leads show resistance
towards thermal and electromechanical cycling and exhibit a performance in line with
what was expected following the design phase.

Furthermore, we show and compare different sample holder designs, characterized
by different strengths and drawbacks, which are able to deliver robust performances at
high fields up to the current limits of our facility (i.e., 1500 A). Moreover, a sample holder
for angular measurement is developed and tested, allowing us to measure consistently
through the whole angular range up to high fields and high currents. Future work will
be devoted towards the enhancement of the facility capability, particularly in terms of the
maximum deliverable current, with ongoing plans to expand the power supply set-up
above 2 kA.
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